Summary Age was a modifier of the independent association between hyponatremia and osteoporosis (OP). Risk of OP was the highest in the youngest age group as compared to older patients. A longer duration of hyponatremia revealed a similar association with OP in all anatomical sites. Introduction Epidemiologic studies provide conflicting results on the relationship between hyponatremia and OP. Our aim is to test the modification effect of age on the relationship between hyponatremia and OP at various anatomical sites in a large patient population. Methods This is a cross-sectional observation of consecutive patients with available bone densitometry, demographic, clinical, and laboratory data from 2001 to 2013 at a single center. OP was defined as a bone mineral density of ≤2.5 standard deviations below the mean peak bone mass of young, healthy adults. Hyponatremia was defined as serum sodium ≤135 mmol/L. Multiple logistic regressions were used to calculate adjusted odds ratio (OR). Results Overall, 24,784 patients were included. There were 4549 males (18.4 %). Hyponatremia was present in 703 patients (2.8 %), femoral neck OP in 2603 (10.5 %), total hip OP in 1885 (7.5 %), and lumbar OP in 4830 (19.5 %). Total hip OP occurred in 17.6 % (n=124) of patients with hyponatremia as compared to 6.6 % (n=880) of patients with sodium level of B140-145^mmol/L (P<0.001). After multivariable adjustments, hyponatremia was associated with 2.46-fold higher odds of total hip OP (95 % CI, 1.36 to 4.46) in age <55 years, 1.96-fold (1.13 to 3.41) in age 55 to 67 years, and 1.55-fold (1.13 to 2.12) in age >67 years (age-sodium category interaction P value=0.002). Conclusions Age appeared as a modifier of the independent association between hyponatremia and OP. Risk of OP was the highest in the youngest age group as compared to older patients.
Introduction
Hyponatremia is one of the most common electrolyte abnormalities in ambulatory elderly patients as well as in the inpatient setting [1, 2] . It is linked to a higher rate of mortality in hospitalized patients. Chronic mild hyponatremia, previously believed to be asymptomatic, is now recognized to contribute to a flurry of neurocognitive symptoms [3, 4] and to increase the risk of fall and fractures [5] [6] [7] [8] [9] [10] [11] . Apart from its detrimental impact on neurocognition, emerging data in model systems suggest that hyponatremia may also have a direct adverse Electronic supplementary material The online version of this article (doi:10.1007/s00198-015-3108-z) contains supplementary material, which is available to authorized users.
impact on integrity and metabolism of bone leading to a higher rate of osteoporosis (OP) [12, 13] . However, results from epidemiologic studies are conflicting [13] [14] [15] . While two studies have reported a higher rate of OP [13, 15] , another found no difference in bone mineral density (BMD) of patients with and without hyponatremia [14] . Obviously, there is considerable heterogeneity in the design, study population, and patients' characteristics in these studies, therefore requiring further investigations to better understand how these observations in model systems would translate to clinically meaningful findings. We hypothesize that the risk of hyponatremia-associated OP is age dependent, with age acting as a modifier of the association between hyponatremia and OP. In this study, our aims were (a) to explore the association of hyponatremia with OP at different anatomical sites of the hip and lumbar spine by categories of age and (b) to explore the relationship between observed duration of hyponatremia with OP at these sites by age categories.
Materials and methods
This study is a cross-sectional observation. Institutional review board approval was obtained (HUM00075043). The study population comprises patients who have undergone bone densitometry at the outpatient units of the University of Michigan from August 2001 to October 2013. Inclusion criteria are availability of key demographic, clinical, and laboratory data including serum sodium at or prior to the date of bone densitometry. Exclusion criteria are age less than 18 years and serum creatinine greater than 2 mg/dL to minimize likelihood of including patients with renal osteodystrophy. All the consecutive eligible patients who met the selection criteria were enrolled. Data on bone densitometry were obtained from the data archive of the bone densitometry unit. Demographic variables including age, gender, and race; clinical data including anthropometric measures such as weight and height; history of comorbidities known to impact bone mineral density using ICD9 codes (Supplement Table 1 ); medications known to impact serum sodium or bone mineral density (Supplement Table 2 ); and laboratory variables including serum sodium, calcium, random plasma glucose, serum albumin, and serum creatinine were obtained from the data electronic health records of the University of Michigan Health Services and merged with the corresponding bone densitometry data. Hyponatremia was defined as a serum sodium ≤135 mmol/ L. Hyponatremic interval was defined as an interval between two hyponatremic values. Observed duration of hyponatremia as a surrogate marker of the actual duration of hyponatremia was calculated by summation of hyponatremic intervals within the 2 years prior to the date of densitometry. Time-averaged serum sodium was calculated from sodium measurements in the past 2 years prior to the date of densitometry. Glomerular filtration rate (GFR) was calculated using the CKD-EPI formula [16] . Osteoporosis was defined according to the World Health Organization (WHO) definition as a bone mineral density of ≤2.5 standard deviations (SD) below the mean peak bone mass of young, healthy adults [17] , and this was applied to all age groups. Densitometry studies were performed using General Electric Lunar iDXA densitometers. Intraobserver coefficients of variation at the hip and lumbar areas were 1.65 and 2.39 %, respectively.
Statistical analysis
Age categories are defined by tertiles of age. Mean and SD are used for description of normally distributed variables. Median and interquartile range (IQR) are applied for description of skewed variables. Chi-square is used to test the association of categorical variables with different subgroups of serum sodium. Analysis of variance is used to compare the mean values of continuous variables across different subgroups, using post hoc Bonferroni correction for multiple comparisons. Multiple logistic regression analysis adjusting for covariates is used to calculate odds ratio of osteoporosis across different categories of serum sodium compared with the reference category. Three series of models with increased level of adjustment have been applied and included case-mix unadjusted model (model 1); adjustments for age, sex, and race (model 2); and the fully adjusted model (model 3) which consists of model 2 plus BMI, serum albumin, glucose, calcium, medications, and comorbidities which had a significantly different distribution by categories of serum sodium. In addition to using time-averaged serum sodium, the analyses are replicated using a single value of serum sodium closest to the date of bone densitometry as well. As all the results are similar, we are presenting the findings by the time-averaged serum sodium. The study has 82 and 95 % power to detect an odds ratio of 1.4 assuming the osteoporosis rate in the hyponatremic category to be 10 and 20 %, respectively, at an alpha level of 0.05 using a two-sided test.
Results

Baseline
Overall, 24,784 patients were included in the final analysis. Mean age was 61 years (SD=14). There were 4549 males (18.4 %) and 1843 black patients (7.4 %). Data on serum sodium was obtained from 210,425 measurements within 2 years prior to the date of bone densitometry. The median number of sodium measurements per patient was 3 (IQR of 1 to 6). The median interval between the last sodium measurement and date of bone densitometry was 61 days (IQR 19 to 193 days). Mean of time-averaged serum sodium was 140.2 mmol/L (SD=2.3, Fig. 1 ). There were 703 patients (2.8 %) with hyponatremia based on time-averaged sodium. Table 1 shows the distribution of patients' characteristics by categories of serum sodium. Accordingly, there is a "U"-shape association between age and categories of serum sodium with the youngest patients observed in the B136-140^range as compared to the hyponatremic group (P<0.001). Similarly, hyponatremic patients had lower BMI, serum calcium, and serum albumin but a higher mean glucose as compared to the B141-145^category (P<0.001). There was also an increasing linear trend in female gender, African-American ethnicity, and use of vitamin D supplement by increasing category of serum sodium (P<0.01). On the other hand, there appeared to be a decreasing trend in the use of calcium supplements, bisphosphonates, steroids, antiepileptics, thiazides, and loop diuretics as well as medical conditions including history of bariatric surgery, solid organ transplantation, and liver cirrhosis by increasing category of serum sodium (P<0.01).
Rate of osteoporosis at different anatomical sites
There were 2603 patients (10.5 %) with femoral neck OP, 1827 (7.4 %) with total hip OP, and 4830 (19.5 %) with lumbar OP. Figure 2 represents the percentage of patients with OP at different anatomical sites by categories of serum sodium. Accordingly, OP was most prevalent in patients with serum sodium of ≤135 mmol/L in all anatomical sites as compared to other categories of serum sodium (P<0.001). OP declined from 28.4 % (200 patients) to 19.9 % (2643 patients) at the lumbar spine site, from 19.5 % (137 patients) to 10.0 % (1329 patients) at the femoral neck, and from 17.6 % (124 patients) to 6.6 % (880 patients) at the total hip site from the hyponatremic subgroup compared to the "141-145^subgroup (P<0.001). Figure 3 illustrates the rate of OP within and between each category of serum sodium by different age groups at different anatomical sites. Accordingly, within each category of serum sodium, there is a significant increasing linear trend in the rate of OP by age in all anatomical sites (P≤0.001), except in the hyponatremic group at the lumbar spine where the increasing trend did not reach statistical significance. Between each category of serum sodium, there is a significant deceasing linear trend in the rate of OP at the hip and femoral neck within different age groups (P≤0.001), except at the lumbar spine where the decreasing trend did not reach statistical significance. Strikingly, the rate of OP in young hyponatremic patients (age <55 years) was comparable and not significantly different with the rate of OP in normonatremic patients aged over 67 years. Figure 4 and Supplement Table 3 demonstrate the odds ratio (OR) of OP associated with hyponatremia in unadjusted (models 1) to fully adjusted models (models 3), by categories of age. Accordingly, the OR of OP associated with hyponatremia as compared to the reference category (B141-145^subgroup) was the highest at the youngest age group (<55 years) with a trend toward null in the older age groups in all anatomical sites in unadjusted models (model 1, agesodium interaction P value <0.001). Similar patterns of higher OR at the youngest age group with attenuation of OR in the older age groups were also noted in model 2 as well as model 3, the fully adjusted model (age-sodium interaction P values ≤0.015).
Risk of osteoporosis by categories of time-averaged sodium
Risk of osteoporosis by observed duration of hyponatremia
A relevant argument is that an acute change in serum sodium should not be expected to impact bone mineral density. Therefore, in a separate approach, we are testing the association of observed duration of hyponatremia with osteoporosis. To do so, we have additionally identified the patients who have had at least one hyponatremic interval in the past 2 years prior to the date of densitometry, irrespective of their mean timeaveraged serum sodium. As can be expected, the number of such patients exceeded the number of patients whose mean time-averaged serum sodium was ≤135 mmol/L. The reason is that a patient with normal-appearing mean serum sodium might have had a few episodes of hyponatremia, but because of having had more measures within normal limit, the mean value has fallen within the normal limit. As such, we identified 1930 patients with at least one hyponatremic interval prior to the date of densitometry. We then classified these patients with at least one hyponatremic interval into four subgroups by the Fig. 1 Distribution of time-averaged serum sodium in the study population quartiles of the observed duration of hyponatremia (25th, 50th, and 75th percentiles at 3, 19, and 105 days, respectively). Accordingly, there were 504 patients in the highest quartile, 503 in the third, 488 in the second, and the rest of all other patients in the first quartile. Patients with no hyponatremic interval were aggregated into the first quartile. The median intervals between the date of the first sodium measurement to the date of densitometry were not clinically significant by quartiles of hyponatremic intervals with the corresponding values of 16.9, 15.4, 15.8, and 16.3 months from the first to the fourth quartiles, respectively, suggesting an equally distributed observation period in all four groups. Figure 5 and Supplement Table 4 show that as compared to the first category, the longest duration of observed hyponatremia was associated with the highest risk of OP in the youngest age group in the lumbar anatomical site (age <55, agehyponatremia interval interaction P value <0.001). Similarly, OR of OP trended toward null at the femoral neck and total hip in the older age groups (age-hyponatremia interval interaction P value ≤0.029).
Discussion
In this study, we found a significantly higher rate of OP in all anatomical sites studied in patients with hyponatremia. Within each category of sodium, the rate of OP increased by age. The odds of hyponatremia-associated OP was the highest in patients aged less than 55 years with attenuation toward null in the older age groups. Full adjustment by relevant covariates did not change the associations. In a novel observation, we showed that not only the presence of hyponatremia but also the observed duration of hyponatremia was associated with OP more so in the younger age group as compared to the elderly patients, so that the highest odds of OP belonged to the longest observed duration of hyponatremia in the youngest age group declining toward no increased risk of OP in the older groups. These findings are consistent with our hypotheses that the association between OP and hyponatremia is age dependent and that age acts as a modifier of this association. Several reports have shown increased rate of fractures in association with hyponatremia [14, 15, [18] [19] [20] . A detrimental effect of hyponatremia on the central nervous system (CNS) with subsequent unsteadiness and attention deficit leading to increased rate of falls may partially explain the increase in fractures [3, [21] [22] [23] . However, more recent studies suggest that hyponatremia itself can have a direct negative impact on metabolism and integrity of bone. In a study of a rat model of syndrome of inappropriate antidiuretic hormone (SIADH), Verbalis et al. reported a reduction of BMD by 30 % after 3 months of induced hyponatremia, along with a significant reduction in both trabecular and cortical bone and an increase in osteoclast numbers on histomorphometric analysis when compared with controls [13] . To provide clinical context to their observations, they examined the data from the third National Health and Nutrition Examination Survey (NHANES)-III and reported an OR of 2.85 for the association of hyponatremia and hip OP after multivariable adjustments [13] . In a study of 1408 consecutive females, Kinsella et al. showed that participants with a serum sodium level of <135 mmol/L had a lower bone density and a significantly higher rate of OP than normonatremic patients (8.7 versus 3.2 %, P<0.001) [15] . Contrary to these findings, the Rotterdam study, an observation of 5208 elderly participants, found an association between hyponatremia and nonvertebral fractures, though there was no statistically significant difference in femoral neck and lumbar spine BMD of the patients with and without hyponatremia [14] . We suggest that our study can be considered as reconciling the seemingly contradictory results of the Rotterdam study with other studies. The observed OR at different anatomical sites in the younger subgroup in our study is comparable and aligned with the analysis of the NHANES Total Hip: NS NS Fig. 3 Comparison of the rate of OP within and between each category of serum sodium by different age groups at different anatomical sites. Linear trend of osteoporosis within each category of sodium by age: P values ≤0.001 in all anatomical sites and all sodium categories except for Na ≤135 at the lumbar spine where increased trend by age did not reach statistical significance. Linear trend of osteoporosis between different categories of sodium in different age groups at the femoral neck and total hip: P values≤0.001. Rate of osteoporosis at Bage ≤55 years and Na ≤135 mmol/L^compared with the rate of osteoporosis at Bage >67 at other categories of sodium^in all anatomical sites is not different (P≥ 0.2). Bars are percentages plus standard error dataset, while the OR observed in the older subgroup is attenuated toward null comparable with the findings of the Rotterdam study. The lack of significant difference in the Rotterdam study is likely explained by the dominance of elderly patients in that cohort, while the significant associations observed in the NHANES dataset are likely driven by relatively younger individuals in that cohort as compared to the Rotterdam study. We postulate that the attenuation of the risk in elderly patients is likely a reflection of aging being a competing risk factor offsetting the risk of hyponatremia by increasing the numbers of patients with OP in the normonatremic group at old age comparable to the OP rate of young hyponatremic patients (as evident in Fig. 3 ), besides the possibilities for the presence of other competing comorbidities with a similar net effect. Up to one third of body sodium is stored in bone. It is hypothesized that in hyponatremia, increased bone resorption occurs in an attempt to preserve the homeostasis of sodium at the expense of bone structural integrity [13] . Increased osteoclast activity and number in parallel with decreased serum level of osteocalcin (a marker of bone formation) observed in model systems [12, 13] , reduced intracellular calcium [12] , alteration in metabolism of vitamin D and sterolcontaining hormones, and alteration in oxidative stress [24] [25] [26] are viewed as possible mechanistic links between hyponatremia and OP. Increased osteoclastic activity may be mediated by increased expression level of vasopression receptors AVPr1alpha and AVPr2alpha triggering Erk (kinase) signaling pathway in favor of suppressing bone formation and stimulating bone resorption [27] . Another mechanism for activation of osteoclasts could be via voltage-gated sodium channels which are highly expressed in bone and are sensitive to changes in extracellular tonicity and, therefore, may mediate the activation of osteoclasts in chronic hyponatremia [13, 18, [28] [29] [30] .
This study has several strengths. To our knowledge, this is the largest study of the association of hyponatremia with OP. This has allowed us to implement testing of several multivariable models in subgroups yet with a reasonable power. There are numerous established risk factors which may potentially impact the rate of osteoporosis including age, female sex, ethnicity, inactivity, medications, and certain comorbidities [31] [32] [33] . In our study, we adjusted for such covariates in multivariable models as much as they were available to us. The large sample size has allowed not only applying the multivariable adjustments but also providing the opportunity to test the modification effect of age. In this study, we used both the last Fig. 4 Odds of osteoporosis by categories of time-averaged serum sodium and age categories at different anatomical sites in unadjusted to fully adjusted models. Model 1: unadjusted case-mix (age-sodium interaction P value <0.001); model 2: adjusted for age, sex, and race (age-sodium interaction P value <0.001); model 3: model 2 plus further adjusting with BMI, serum albumin, glucose, calcium, medications, and comorbidities (age-sodium interaction P value ≤0.015). Odds ratio (OR) ±95 % confidence interval is presented measured serum sodium as a single value and time-averaged sodium in the analysis. As the results were not significantly different, we chose to report the results using time-averaged serum sodium. A novel aspect of this study is the availability of multiple measurements of serum sodium which has provided a unique opportunity to test for the first time the impact of observed duration of hyponatremia on OP, a dose-response relationship, in addition to just the presence of hyponatremia in young patients. We believe that the surrogate marker of observed duration of hyponatremia is a valid surrogate of the actual duration of hyponatremia as the between-test intervals were similar by quartiles of hyponatremic intervals. There are also participants from both genders. This study also has limitations. Although by design this is an observational study that does not allow inferring a causal relationship, the causality has already been established in model systems [13] ; therefore, these findings may have an important clinical impact. Although we cannot rule out the possibility of residual confounders in the analyses, the similarity of our results with and without adjustments with what is observed in model systems suggests that such residual confounders might have a negligible impact on the overall results. Although this study is highly powered, the results may not be extrapolated to other patient populations with different characteristics. As sicker patients are more likely to have more frequent lab measurements, there is a potential for ascertainment bias. We believe that the potential for ascertainment bias is likely offset by the large number of participants with normonatremia increasing the likelihood of detecting extra cases of OP that would have been detected by increased health-care utilization otherwise.
Clinical implications
These findings have very important clinical and public health implications. The rate of OP in hyponatremia at a young age comparable to what was seen in the elderly individuals without hyponatremia suggests that chronic hyponatremia may translate to early aging of the bone in young individuals. This finding would necessitate further research to assess the impact of correction of hyponatremia on important outcome measures of OP and fractures. The role of routine prescription of densitometry in patients with hyponatremia also requires assessment of cost and benefit in further research. Verification of mechanistic pathways underpinning the association of hyponatremia and OP will be valuable and may disclose new targets for antiresorptive treatments.
Conclusion
Age was a modifier of the independent association between hyponatremia and OP. The risk of OP-associated hyponatremia was the highest in the youngest age group as compared to older patients. A longer duration of hyponatremia revealed a similar association with OP in all anatomical sites. 
